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F o r P e e r R e v i e w F o r P e e r R e v i e w than f T (e.g., [2] ), and therefore require the ability to measure relatively slow pressure fluctuations. The difficulty arises when a measurement device must be selected to measure unsteady surface pressure under these conditions. Microphones are an obvious choice for measuring pressure fluctuations, however they do not measure the DC pressure and small electret microphones that could be implemented inside a model are not intended for measurements in the infrasound range. As such, their magnitude response decreases sharply at low frequency. Dynamic pressure transducers are ideal as they have a frequency response that is flat from DC up to a limit typically O(10) kHz, how-2
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Submitted to AIAA Journal. Confidential -Do not distribute. AIAA   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w ever commercially available devices (e.g., Kulite) do not provide sufficient signal-to-noise for such low amplitude pressure fluctuations. Sensor size may also be a concern for installation within models of small size. Fuertes et al. [3] suggested a method that combines a microphone and a conventional differential pressure transducer (DPT) to measure the fluctuating and mean components of pressure, respectively. A pressure tap at the surface is connected to the DPT by a long length of tubing, and near the surface a microphone is connected to the tubing using a T-junction. This technique requires stationarity of the measured signal and dynamic calibration to account both for the microphones low frequency response and its position within the tubing. An alternative to this method is to only use a DPT for unsteady pressure measurement. These sensors have the advantage of being readily available with full-scale ranges suitable for low speed wind tunnel experiments. Such sensors are intended for the measurement of mean pressures, and as such generally have unknown dynamic characteristics. In addition to this, the geometry of the sensor itself and the tubing that is most often required for connection to the surface distorts pressure fluctuations, as described by Bergh and Tijdeman [4] . Dynamic calibration is therefore required to determine the frequency response of the DPT/tubing system. The experimentally measured transfer function or an analytically fit transfer function can then be used to correct measured pressure signals [5] [6] [7] . In some cases, it may also be possible to optimize the tubing geometry to produce a response that is flat from DC up to the largest frequency of interest [8] and no signal correction is required.
The most common types of equipment used for dynamic calibration of pressure transducers are aperiodic devices; shock tubes and fast opening pressure chambers. These comparative calibration devices expose the transducer and a reference sensor to a pressure step function. While these devices are suitable for a wide range of frequencies, they typically operate with large static pressures and large pressure step amplitudes (on the order of kPa to MPa) [7, 9] . More appropriate for the calibration of low-range DPTs is a periodic device where either the volume or the mass inside a cavity is varied with time, thereby creating pressure fluctuations. Holmes and Lewis [8] used an electro-pneumatic valve to supply periodic, non-sinusoidal pressure to a cavity. Typically, pressure fluctuations are created inside a cavity volume using a speaker as one of the cavity walls [3, 10, 11] .
Difficulties may be experienced with this calibration setup as common audio speakers often have 3 a natural frequency below 100 Hz, which is likely within the frequency range of interest ( Figure   1 ), and below this the response is significantly attenuated. This work presents a compact, easily manufactured calibration apparatus that uses an oscillating piezoelectric disk rather than a speaker to create low amplitude pressure fluctuations inside a sealed cavity. Results are presented which demonstrate the calibration of a DPT using a microphone as reference.
II. Experimental Setup
The dynamic calibration apparatus is shown in Figure 2 . Pressure fluctuations are created in a small cylindrical cavity with 30 mm diameter and 3.5 mm height by a piezoelectric disk that is clamped around its edge and forms one wall of the cavity. The cavity was designed to match the diameter of the piezoelectric disk, and the cavity height was kept small to ensure the displacement of the piezo was sufficient to create the desired pressure amplitudes. The TH-5C piezoelectic disk The microphone was connected to the cavity with its diaphragm flush with the cavity wall (the protective grid was removed) using a sealed fitting. The rear vent port was exposed to atmosphere. AIAA   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The input signal used to drive the piezo disk was a logarithmic sweep over f = 10 -2000 Hz.
The lower frequency limit represents the limit of the reference microphone. The upper limit was set at f = 2000 Hz, corresponding to an acoustic wavelength of 170 mm, which is an order of magnitude larger than the largest linear dimension of the cavity. Therefore, it was assumed that the pressure at the tap and microphone diaphragm was equal over the swept frequency range. The input signal from the function generator, microphone output, and DPT output were sampled simultaneously at 5 kHz. The length of the sample was selected such that N r = 100 independent non-overlapping records (equivalent to the number of sweeps) each containing 2 13 data points were acquired, giving a spectral resolution of 0.6 Hz. Spectra and cross-spectra of the signals were computed using a
Hamming window and 50% overlap between records.
III. Results
The calibration apparatus was used to calibrate the All Sensors DPT connected to the cavity by a 25 mm long PVC tube with 1.6 mm inner diameter. A portion of the time series that shows one full sweep is provided in Figure 3 , where p 1 and p 2 refer to the microphone and DPT pressure, respectively. Figure 4 shows the power spectral density, G pp , of the microphone and DPT signals 5 over the calibration range 10 ≤ f ≤ 2000 Hz. Over the majority of this frequency range, the power spectrum of the microphone is relatively flat and indicates that the fluctuating pressure amplitude does not vary considerably. As expected for a tubing/pressure transducer system, the DPT power spectrum shows a resonant peak, in this case occurring at 675 Hz. A sharp decrease in the microphone power spectrum is observed below approximately 20 Hz where it falls below that of the DPT. This suggests that either these low frequency fluctuations are being correctly measured by the microphone and amplified by the DPT, or measured correctly by the DPT and attenuated by the microphone. An amplification at such low frequencies in addition to the resonant peak at 675
Hz is not expected based on models of the tubing/transducer system [4] . While frequencies down to 10 Hz are within the ±1 dB range of the microphones frequency response, the issue is likely due to pressure fluctuations transmitted to the rear of the microphone diaphragm through the vent port.
The air resistance within the small vent port is sufficient to prevent acoustic waves from entering the microphone cavity for most frequencies, however it is likely that low frequency waves emanating from the vibrating piezo disk are acting on the rear of the diaphragm. This causes the microphone to measure an apparent decrease in pressure amplitude. As such, the frequency response shown in Figure 5 has been corrected to be flat in this range. A unity gain corresponds to the sensitivity being equivalent to the DC sensitivity obtained from the static calibration (0.8 mV/Pa in this case).
The calibration apparatus produces a smooth frequency response that shows the expected behaviour for this system; a resonant peak associated with the tubing/transducer geometry followed by the attenuation of fluctuations at larger frequencies.
The quality of the calibration can be assessed by several metrics: the signal-to-noise ratio, S/N , of each signal, and the coherence between the two signals. The coherence is defined as
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where ǫ is the relative error in gain and also the absolute standard deviation in phase given in radians. Therefore, the random error in the frequency response will be small even with few records for ensemble averaging for a calibration with γ p1p2 (f ) ≈ 1. Equation 2 is defined for spectra computed using rectangular, non-overlapping windows and serves only as an approximation of the random error for the present methodology (i.e., Hamming windows with 50% overlap). As shown in Figure 6 , the coherence is 1 over most of the frequency range with a minimum value of γ p1p2 = 0.987.
From equation (2), the random errors in gain and phase are less than 1% and 1 • , respectively, over
Hz. It is of particular importance that despite the issue associated with the reference microphone at frequencies below ∼ 20 Hz, accurate calibration at low frequencies relevant to Figure   1b is possible with this apparatus. Calibration with low error is achieved even in the frequency range above 1000 Hz where the pressure signal measured by the DPT is strongly attenuated. It is important to note that this is not only due to the high spectral coherence due to the calibration apparatus, but is also a result of a sufficiently high signal-to-noise ratio for both the DPT being calibrated and the reference microphone. AIAA   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w produce a smooth frequency response for the DPT. The estimated random errors in the frequency response magnitude and phase were found to be less than 1% and 1 • , respectively, due to high coherence between signals.
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